Introduction
Ductile irons (DI) are essentially ternary Fe-C-Si alloys in which the concentrations of carbon and silicon vary typically from 3.5 to 3.9 wt.% and 1.8 to 2.8 wt.%, respectively. Their typical as-cast microstructure consists of graphite nodules in a pearlitic, ferritic or pearlitic-ferritic matrix. DI can be used in the as-cast state or after heat treatment to generate a matrix microstructure and associated mechanical properties that are not readily obtained in the as-cast condition [1] . As an example, austempering provides a low cost material with an interesting combination of good mechanical properties, i.e. with significant ductility together with good wear resistance and fatigue strength [2] . Other methods such as plasma or laser melting, boriding or nitriding, have been used in order to improve the surface wear resistance of DI [3] [4] [5] [6] . The possibility of both surface and sub-surface reinforcement has already been mentioned [7] [8] [9] , and the as-cast microstructure of parts with Crcontaining steel inserts has been described recently [10] . In the present work, the focus is on the characterization of the microstructure and the study of wear properties of such DI parts before and after austempering. Its aim is to understand better the relationship between wear properties and microstructural changes induced by the local reinforcement and the austempering treatment.
Materials and Methods
The reinforced DI used in the present investigation has been elaborated with inserts made of stainless steel with 17-20 wt.% Cr, about 8 wt.% Ni and small amounts of Mn and Si. These inserts were cylindrical in shape and were appropriately located in the mould cavity that was later filled with a melt corresponding to an unalloyed standard DI (C: 3.7-3.9 wt.%, Si: 2.7-2.8 wt.%, Mn: 0.12-0.16 wt. %, Mg: 0.03 wt%, Cu: 276-426 ppm, Ni: 268-345 ppm, P: 219-265 ppm, S: 109-110 ppm, Mo<10 ppm). Their thickness (typically 1-2 mm) and size (typically 5-10 cm) depend on the geometry and size of the component being cast (see an example on fig.1 ). The distribution of inserts in the mould cavity depends entirely on the wear load of the component and inserts are placed only where high wear resistance is required. Process parameters such as thickness of the inserts or superheat of the melt before pouring in the mould have to be adjusted to the size of the cast parts so as to ensure partial dissolution of the inserts before solidification of the cast iron. It has been shown that with a right combination of temperature and composition of the melt, appropriate alloying elements and thickness of component, parts can be successfully cast with such local reinforcement [8] . For the wear test, a particular part was prepared with cylindrical inserts (diameter: 2.5 mm; distance between 2 inserts: 5 mm) equally distributed and positioned perpendicular to the intended sliding direction. Samples were machined out from this part, one set was studied in the as-cast state (labelled RDI), whereas another set was subjected to austempering before characterization (labelled ARDI). Austempering consisted of two stages: heating to and holding at 900 o C for 60 minutes followed by a quench to 300 o C and holding at that temperature for 75 minutes before air-cooling. Sample preparation for optical metallography was carried out using standard techniques. The surface of the samples was polished down to 1 µm using a diamond paste before etching using either 4% Nital (96% in volume of ethanol and 4% of nitric acid) or Glyceria also named Villela (3 parts by volume of glycerol, 2 parts of hydrochloric acid and 1 part of nitric acid). Scanning electron microscopy was performed with a Leica Stereoscan 430i operating at 20 kV. Chemical analyses were carried out in the SEM using an energy dispersive spectroscopy (EDS) system on polished samples. The microscope was also used to differentiate the phases present by means of their chemical contrast. The distribution of carbides in the region close to the interface between inserts and the DI was also investigated with a CAMECA NanoSIMS 50 instrument operated with a Cs primary source at an energy of 16 keV in order to analyze Cr as CrC -ions. Microstructure observations and electron diffraction for phase determination were carried out by transmission electron microscopy with a LEO 922 OMEGA operating at 200 kV as described elsewhere [10] .
Tribological properties were investigated under reciprocating sliding motion. In order to measure average wear rate, taking into account several inserts, cylinder-on-disc line contact configuration was selected. In this facility, a hardened 100C6 steel cylinder (φ10x14 mm; 62 Hrc) is loaded against a fixed reinforced DI specimen (Fig. 2) . Before each test both the cylinder and the sample were ultrasonically cleaned in high purity benzene and then dried in air. Testing was performed at room temperature under dry conditions (relative humidity of 40%) and in salt water (34 mg/l). The sliding stroke was set at f=8.8 mm with an oscillating frequency of 5.7 Hz (i.e. an average relative speed v s = 0.1 m/s). For dry sliding a load f N =50 N, corresponding to a maximum Hertz contact pressure p H =160 MPa, was used and a total sliding distance of 100 m (5.700 cycles) was achieved. For salt water lubricated conditions, the load was increased to f N =200 N (p H =320 MPa) and the sliding distance changed to 720 m (41.000 cycles) The loads applied were selected in such a way that measurable wear was achieved in reasonable time. Note that pressures in the range of 100-400 MPa are also typical for machine components operating under sliding conditions. During testing, the coefficient of friction, i.e. the friction force divided by the normal force, was monitored continuously as a function of the number of cycles and the wear volume was determined at the end of the test using a gravimetric technique. Each test was carried out three times and the average values are presented together with the standard deviation.
Results and Discussion
Microstructure. Fig. 1 shows a schematic representation of the material with inserts of stainless steel fixed inside the cast material. Due to the partial dissolution of the inserts during casting, a flux of elements, mainly chromium, goes from the steel to the melt while some carbon enters the insert.
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This leads to a gradual composition change of the melt around the insert and accordingly results in a microstructure gradient from the insert surface to the bulk DI. This region will be afterwards named the transition zone. This transition zone is characterized by the presence of M 7 C 3 and M 3 C carbides that appear because of the high chromium level released by the dissolution of the insert. In addition, carbon intake in the insert leads to the formation M 3 C, M 7 C 3 and M 23 C 6 carbides as described previously [10] . The transition zone in RDI material stretches out over 2 mm from the edge of the insert. Near the insert, it is composed of pearlite, carbides and small graphite nodules. Further away from the insert the nodule size increases, the carbide density diminishes and ferrite appears as a constituent of the microstructure (Fig. 3-a) . Two distinct types of carbides have been distinguished on backscattered electron images in the SEM as shown in Fig. 4 -a, and electron diffraction showed the presence of M 3 C and M 7 C 3 carbides [10] . Fig. 5 -a illustrates the bulk microstructure of the as-cast DI. After austempering, two main changes in the microstructure of the transition zone could be noticed: a partial dissolution of carbides, principally the M 7 C 3 type, in some regions near the interface (Fig. 4-b) and, as expected, the transformation of the matrix to ausferrite (Fig. 3-b) . The dissolution was only detected near the interface. The nature of the carbides, determined by electron diffraction studies, remained the same as in the as-cast state: M 7 C 3 in dark contrast and M 3 C in light contrast (Fig. 4-b) . The matrix of the bulk DI was also transformed to ausferrite (Fig. 5-b) . Cr 12 C NanoSIMS images near the interface insert/transition zone of the ARDI sample. White contrast represents highest concentrations of the element while black contrast represents lowest concentrations. Fig. 6 shows a NanoSIMS image acquired on an insert of an ARDI sample showing the microstructure evolution from the surface of the insert to its core. There is an ample inter-and intragranular precipitation of carbides of various compositions and morphologies up to 200 µm from the insert/transition zone interface, while carbides are also present along grain boundaries up to the core of the insert. These carbides (M 3 C, M 7 C 3 and M 23 C 6 ) have already been described in detail for the as-cast materials [10] , and remain unchanged after heat treatment. Most of the matrix in the insert remained in the form of austenite, except for a narrow area at the insert/transition zone interface where the martensite observed in the RDI sample has transformed into ausferrite after
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Science and Processing of Cast Iron IX austempering. Although the interface insert/transition zone is not well marked, the same scarce carbides were found close to this interface in the ARDI sample as in the RDI one [10] . Further in the insert, ring-shaped M 7 C 3 carbides already observed in the RDI sample are again noticed. Closer to the core of the insert, intragranular M 23 C 6 type carbides that can be as small as 50 nm are observed.
Tribological Properties. The average value of the coefficient of friction was evaluated over the 5.700 or 41.000 sliding cycles. From the wear volume measured after the test, wear rate was calculated as the wear volume divided by normal load and sliding distance. The results for bulk DI, RDI and ARDI materials are shown in Fig. 7 -a for dry sliding and in Fig. 7 -b for salt-water lubricated conditions. Under dry sliding DI with a hardness of 250 HV shows more or less stable friction with an average value of the coefficient of friction of about 0.6. However, after 100 m of sliding, a very high wear volume of 10.6 mm 3 and wear rate of 2.1x10 -3 mm 3 /Nm were measured, as shown in Fig. 7 -a. Analysis of contact surfaces (Fig. 8) revealed extensive abrasive wear accompanied by a high degree of plastic deformation. Compared to DI, RDI shows more unstable friction with larger fluctuations and a higher average coefficient of friction at about 0.65. On the other hand, its wear volume and wear rate have dropped by a factor of 10, down to 0.8 mm 3 and 1.6x10 -4 mm 3 /Nm, respectively ( Fig. 7-a) . Increased friction and reduced wear is due to increased hardness of the reinforcement areas, showing 10-20% higher hardness than DI (300-350 HV 0.1 ) as measured by Vickers micro-hardness. It thus appears that the load is carried by the reinforced part of the surface while abrasive wear is concentrated around reinforcement islands, as shown in Fig. 9 . Combining reinforcement and austempering (ARDI) resulted in reduced hardness of the reinforced areas (∼300 HV 0.1 ) and consequently in a slightly increased wear rate as compared to RDI at 4x10 -4 mm 3 /Nm but still much lower than that of DI. Additionally, austempering of the reinforced DI led to a slightly lower (~0.6) and more stable friction coefficient, which is comparable to DI. A change from dry to salt-water lubricated conditions led to a lower friction coefficient and greatly reduced wear of DI. As-cast DI shows stable friction with an average value of the coefficient of friction of 0.45 and a wear volume of 1.3 mm 3 after 720 m of sliding (wear rate k=9.25⋅10 -7 mm 3 /Nm). Reinforcement of DI does not only improve wear resistance in salt-water lubricated conditions (wear volume W=0.15 mm 3 , wear rate k=1.0⋅10 -7 mm 3 /Nm), but it also leads to a lower coefficient of friction (about 0.35), with RDI and ARDI materials giving very similar results as shown in Fig. 7-b . 
Conclusion
The introduction of Cr-containing steel inserts during casting leads to the precipitation of carbides M 3 C, M 7 C 3 and M 23 C 6 inside the inserts and to M 3 C and M 7 C 3 in the region surrounding the inserts. These carbides are known to provide good resistance to abrasive wear because of their high hardness [11] . Through the formation of these carbides, a hard transition zone is formed around the inserts that carries the load under sliding motion. At the same time, the softer surrounding area -the steel inserts and the bulk DI -are subjected to abrasive wear. Thus, the local reinforcement increases the load carrying capacity of the surface which results in more than 10 times better wear resistance of the DI. However, due to the presence of carbides and reduced graphite content in the contact zone, local reinforcement also leads to higher friction. The combination of local reinforcement of DI and austempering induces the transformation of the matrix into ausferrite and a partial dissolution of carbides, which results in a reduced load carrying capacity and consequently a higher wear rate. Nevertheless, austempered reinforced DI still shows considerably better wear resistance than normal DI and similar friction. In this way, austempering of reinforced DI combines friction properties of DI and wear resistance of the reinforced DI.
